Background. Loss of expression of fragile gene products, Fhit and Wwox, occurs in many cancer types, with loss exhibited early in the neoplastic process in some. Wwox has been understudied in pancreatobiliary cancers, especially in relation to other involved tumor suppressors. We have assessed the status of the Fhit and Wwox proteins encoded by DNA damage susceptible chromosome fragile sites encompassed by FHIT and WWOX tumor suppressor genes. Methods. Pancreatic, gallbladder and ampullary cancers, normal pancreas, chronic pancreatitis, and benign gallbladder specimens were stained for expression of Fhit, Fhit effector protein Fdxr, Wwox, and other tumor suppressors by immunohistochemistry, and comparisons were made between benign and malignant tissue. Correlations of expression among proteins and clinicopathologic features were sought using Spearman's rank order. Survival curves were created using the Kaplan-Meier method and compared by log-rank analysis. Predictors of survival were determined using multivariate Cox proportional hazards analysis.
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Results. Fhit and Wwox were ubiquitously expressed in benign samples and significantly and coordinately reduced in pancreatic, gallbladder, and ampullary cancers. In pancreatic cancers, Fdxr expression was positively correlated with Fhit and Wwox expression. Neither Fhit nor Wwox expression correlated with expression of other tumor suppressors or with clinicopathologic characteristics measured. Conclusion. Loss of Fhit and Wwox expression does not predict tumor progression or patient survival, suggesting that loss of expression of genes at the exquisitely replication stress sensitive chromosome fragile regions is an early event in the pathogenesis of cancers of the gallbladder, pancreas, and ampulla.
Pancreatobiliary cancers are among the deadliest of gastrointestinal malignancies with nearly all patients diagnosed with pancreatic and gallbladder cancer dying of disease within a year. 1 Ampullary cancer, though the least aggressive of these tumors, is still highly lethal once disease has spread to regional lymph nodes or distant organs. The inherent resistance of these tumors to chemotherapy and radiation in addition to their propensity to present in an advanced stage underline the need for novel genetic and molecular therapies. Understanding the molecular alterations, especially the early events, involved in development and progression of these cancers may provide the basis for therapies targeting specific altered signal pathways.
The fragile histidine triad (FHIT) gene, at chromosome 3p14.2, and the WW-domain oxidoreductase gene, WWOX at 16q23.3, are the two most active of the human common chromosome fragile sites; these loci, sites that show chromosome gaps or breaks under conditions of replicative stress, are highly susceptible to DNA alterations, such as deletions, translocations, and amplifications. 2 WWOX and FHIT loci are involved in such chromosome alterations in more than 50% of cancers of many types. 2, 3 Shortly after discovery of the FHIT gene and protein, Shridhar et al.
reported loss of alleles of 3pl4.2 markers in 16 of 25 pancreatic tumors and loss of heterozygosity of 3p markers outside of 3pl4.2 in only 2 of 25 tumors. 4 There was a ''dramatic clustering of chromosomal breakpoints at 3pl4.2 in and immediately distal to FRA3B in pancreatic cancer.'' In a study of pancreatic cancer-derived cell lines, loss of heterozygosity (LOH) within FHIT was found in 41% of 93 pancreatic carcinomas and homozygous deletions within FHIT were found in some. 5 There were significantly more homozygous deletions within FHIT in pancreatic cancers showing microsatellite instability, suggesting FHIT-related selective pressures that act during tumorigenesis of pancreatic cancers with mismatch repair deficiency.
Sorio et al examined a few normal pancreata, 21 primary pancreatic ductal cancers, and 19 pancreatic cancer cell lines for Fhit expression and FHIT gene status and reported that normal pancreas expressed Fhit protein in the cytoplasm of ductal cells, whereas interlobular and larger ducts, acini, and insulae of Langerhans were negative. 6 Fhit protein was detected by immunoblot assay in 11 of 19 pancreatic cancer cell lines. DNA from 5 of these 8 cell lines showed homozygous loss of FHIT exon 5.
Similarly, the WWOX gene has been shown to be altered in several cancer types, including pancreatic cancer, and Wwox protein has been reported to be reduced or lost in a large fraction of these cancers; in vitro studies of pancreatic cancer-derived cell lines showed that expression of exogenous Wwox in Wwox-deficient pancreatic cancer cells increased the number of cells with subG1 DNA content, upregulated caspase-3 activity and reduced procaspase-3 levels. Restoration of Wwox expression suppressed cell growth in vitro and tumorigenicity in vivo. 7, 8 In a recent review of advancing knowledge of molecular alterations in ductal cancers, it is noted that common ductal cancers have a distinct molecular fingerprint showing alterations of Kras, p53, p16, DPC4/SMAD4, and Fhit, compared with other pancreatic tumor types with different aberrations. 9 The SMAD4 gene is reportedly inactivated in approximately half of pancreatic cancers, either by homozygous deletion or by intragenic mutations plus loss of the second allele (reviewed in Ref.
10 ) The SMAD4 protein plays a role in signaling through the transforming growth factor-b (TGF-b) pathway, that triggers a signal cascade with growth-inhibitory effects; so loss of SMAD4 in pancreatic cancer cells provides a selective growth advantage.
Wwox and Fhit are coordinately lost in breast cancers and in early breast lesions, suggesting coordinate inactivation of these fragile gene products early in breast cancer development. 11, 12 We have compared changes in expression of Fhit, Wwox, and other tumor suppressors in the related pancreatobiliary cancers. We have also assessed expression of the ferredoxin reductase (Fdxr) protein in these cancers. Fhit binds and stabilizes Fdxr in a complex in the mitochondria and thus contributes to the production of reactive oxygen species (ROS) in the presence of exogenous stress. 13 Fhit-deficient cells are predicted to express reduced Fdxr levels and to have alterations in control of ROS production; p53, on the other hand, is a transcriptional activator of Fdxr, and thus p53 and Fdxr expression might be correlated in these cancers. 14, 15 We were interested in the early molecular changes in development of cancers in the anatomically and morphologically related pancreas, gallbladder, and ampulla tissues and have examined the loss of Fhit and Wwox fragile gene products in comparison with other known tumor suppressors for these tissues.
MATERIALS AND METHODS

Tissues
After receiving approval by the institutional review board at the Ohio State University, paraffin blocks were identified from the Department of Pathology archive for pancreatic, ampullary, and gallbladder cancers resected between 1991 and 2005. Only malignant tumor samples with adequate volume of tissue for tissue microarray creation were used. Blocks were considered inadequate if the volume of tissue to be used for the tissue microarray left no residual tumor for future histologic or immunohistochemical studies. Demographic, pathologic, and clinical data on the 170 cases meeting these criteria were collected.
Tissue Microarrays
The method for tissue microarray (TMA) production has been described. 16 Briefly, two tissue cores (2 mm diameter each) were punched out of each paraffin block and transferred to each of the recipient TMA blocks using a precision instrument (Beecher Instruments, Silver Spring, MD). Paraffin-embedded tissue was cut at 4 lm and placed on positively charged slides, then heated to 40°C for 30 min. After leveling paraffin and cores, the array was cooled to 4°C for 15 min. The presence of tumor was confirmed, and immunohistochemistry was undertaken.
Immunohistochemistry
The methods for immunohistochemistry (IHC) have been described. 17, 18 Fhit, Wwox, and Fdxr rabbit polyclonal antisera were obtained from the Huebner lab and were used at dilutions of 1:2000, 1:4000, and 1:200, were obtained commercially and used at dilutions of 1:50, 1:20, and 1:100, respectively. Slides were counterstained in Richard Allen hematoxylin, dehydrated through graded ethanol solutions, and cover-slipped. The positive and negative controls stained appropriately.
Staining for p53 was considered positive if nuclear staining in at least 5% of cells was seen; cytoplasmic staining in at least 5% of cells was considered positive for Fhit, Wwox, Fdxr, and p16
INK4a and less than 10% of nuclear and cytoplasmic staining of cells for SMAD4/ DPC4 was considered to be loss of expression. All stains were read by a single pathologist (WLF) blinded to tumor stage and clinical characteristics.
Statistical Analysis
Continuous variables were compared by Student t-test while categorical variables were compared by chi-square analysis or Fisher exact test, where appropriate. KaplanMeier overall survival curves were generated using SPSS v14.0 software (SPSS Inc., Chicago, IL) and compared by log-rank analysis. Predictors of survival were determined using Cox proportional hazards. Only the variables with P B .2 by univariate analysis were entered into the multivariate model. Significance was accepted at the P B .05 level. Data are presented as mean ± standard deviation unless stated otherwise.
RESULTS
Tissue Samples
Between 1991 and 2005 inclusive, 397 patients underwent resection for tumors of the pancreas, ampulla of Vater, or gallbladder. Of these, 276 tumors were malignant, 170 of which had paraffin block suitable for utilization in our TMAs (Table 1) . For each tumor type, patients were of similar gender and ages, though those with gallbladder cancer were more likely to be women. Preoperative carbohydrate antigen (CA) 19-9 levels were available in 74 patients. While fewer patients with ampullary cancer had abnormally elevated levels (i.e. [37 U/ml), this was not statistically different. Patients with gallbladder cancer were significantly less likely to present with jaundice. Although tumor grade and nodal status was similar between tumor types, margin negative resections were more common in ampullary cancers (Table 1) . More gallbladder cancers were found to have advanced disease resulting in incomplete (i.e., R2) resection. Pancreatic cancers tended to be larger than ampullary and gallbladder cancers. Complication rates were not significantly different based on tumor type, but patients undergoing resection for gallbladder cancer had the shortest hospitalizations while those with ampullary cancer had the longest. Postoperative deaths were similar between tumor types.
Immunohistochemical Analyses
Fhit and Wwox were expressed at moderate to high levels in all benign samples including normal pancreas, normal gallbladder, and chronic pancreatitis and were markedly reduced in malignant tissues ( Table 2) . Ampullary cancers showed the highest frequency of reduced or absent Fhit expression, with only 2% of tumors showing unaltered expression relative to normal ducts, while gallbladder and pancreatic cancers showed very similar frequencies (78%) of tumors with reduced expression (Table 2 , Fig. 1a ). Wwox expression was reduced in [70% of tumors of each type (Fig. 1b) . Fdxr, a Fhit mitochondrial effector, was reduced in expression in 40% of pancreatic tumors (Fig. 1c,d) . Table 3 shows the correlation coefficients (Spearman rho) between Fhit, Wwox, Fdxr, p53, and SMAD4. Interestingly, Fhit and Wwox expression was significantly positively correlated in pancreatic cancer (P = .008) and gallbladder cancer (P = .024), as well as when considering all cancers together (P = .001). Similarly, Fhit and Fdxr expression was correlated in pancreatic cancer (P = .03), as was Wwox and Fdxr expression (P = .019), suggesting that the Fhit and Wwox-deficient cancers would be less affected by ROS-induced apoptosis.
No benign tissues demonstrated abnormal p53 expression. Significantly increased p53 expression was seen in each tumor type, however (Table 2) . Similar p53 expression was seen in ampullary and pancreatic cancers. Although p53 was expressed in few gallbladder cancers, there was no significant difference in expression among the three tumor types. As expected, significant reduction is SMAD4 expression in pancreatic cancers compared with normal pancreas. There was no significant reduction in the degree of expression of p16
INK4a relative to benign controls. No correlation, except those described among Fhit, Wwox, and Fdxr, was observed in pairwise comparisons of expression of Fhit, Wwox, Fdxr, p53, p16 INK4a , and SMAD4 in any of the tumor types. While there was a trend toward an inverse correlation between Fhit and p53 expression in gallbladder cancer, this did not reach statistical significance (Spearman's rho = -0.375, P = .078). Of the tumor suppressors assessed, Fhit, Wwox, p53, and SMAD4 were significantly reduced in tumors relative to benign tissues; and of these, Fhit and Wwox loss occurred much more frequently in tumors relative to benign tissue than the other tumor suppressors, suggesting that Fhit and Wwox loss is a very early event, possibly associated with development of preneoplastic changes in pancreatobiliary tissues.
Correlations Among Clinical Features, Markers, and Survival
Fhit and Wwox expression levels did not correlate with tumor size, T stage, node status, or differentiation. Fhit and Wwox did not predict survival. T stage, node status, and tumor size all correlated with survival for all tumor types together. Individually, nodes predicted survival for ampullary only while tumor size was predictive of survival for gallbladder and pancreatic cancer (summarized in (Fig. 2) . Other predictors of decreased survival by univariate analysis included increasing age, the presence of abdominal pain at presentation, elevated CA19-9, increasing tumor size, positive nodes, positive surgical margin, and p16
INK4a loss (Table 4) . By In pancreatic cancer, postoperative complications, positive margins, incomplete resection, and increasing tumor size were predictive of decreased survival. Finally, abdominal pain, the absence of jaundice, and increasing tumor size were predictors of decreased survival in gallbladder cancer. As a final analysis, we evaluated the expression of Fhit and Wwox in patients with rapid recurrence and death (i.e., survival less than 12 months) compared with those living longer than 24 months. There were 49 patients who died within 12 months of resection compared with 70 who lived more than 24 months. Fhit (14% vs. 19%, respectively) and Wwox (20% vs. 16%, respectively) were not significantly different between and long-term and short-term survivors. Of note, in patients who survived greater than 60 months (N = 22), Fhit was lost in all but 2 and Wwox was lost in all but 3. These too were not significantly different from those who died within 12 months.
DISCUSSION
Loss of Fhit and Wwox has been shown to be an important step in the initiation of tumorigenesis in a variety of solid tumors including lung, breast, colorectal, and gastric cancers to name a few. [19] [20] [21] [22] In lung cancer sections, Fhit loss has been reported to occur in dysplasia and prior to alterations in p53. 23 Fhit and Wwox are lost coordinately in early breast lesions. 12 In pancreatic cancer tumors and cell lines, FHIT mRNA and protein expression have been shown to be frequently lost or reduced, often as the result of loss of heterozygosity. [4] [5] [6] 24 FHIT cDNA alterations have been identified in 73% of nitrosamine-induced Syrian golden hamster pancreatic ductal adenocarcinomas, providing further evidence that abnormal Fhit expression may contribute to pancreatic tumorigenesis. 25 Correlation of Fhit expression with clinicopathologic parameters has not been reported. Replacement of the FHIT gene, using recombinant adenoviral and adenoassociated viral FHIT vectors resulted in apoptosis via the caspase pathway in pancreatic cancer cell lines, in accord with a role for Fhit in pancreatic cancer initiation. 26 The role of Fhit or Wwox in other biliary tumors has not been explored extensively, though there are two reports of Fhit locus silencing by methylation in gallbladder cancers. 27, 28 Herein, we have shown that Fhit and Wwox proteins are lost in cancers arising from the pancreas, ampulla of Vater, and gallbladder, independent of other well known genetic alterations.
Tumor samples suitable for use in our TMAs were selected based on availability of the paraffin blocks, adequate volume of malignant tissue not heavily contaminated by surrounding inflammatory changes, and tissue that must be able to be obtained without interfering with potential future diagnostic studies. Thus, we could not use all of the cancerous tissue from each case for our study. This left us with 170 patients over the 15-year time period. The demographics and presentation of these patients were typical for the respective tumor types. Not surprisingly, ampullary cancers had fewer elevations of CA19-9, while patients with gallbladder cancer were less likely to present with jaundice. The histologic grade of the resected tumors was similar for each tumor type, but ampullary cancers tended to present with earlier T stage than pancreatic and gallbladder cancers. While this could reflect differences in the respective staging systems, their smaller size at resection, lower incidence of nodal metastases, and increased likelihood of margin negative resection suggest a more indolent biologic behavior for ampullary cancers. This point is also evident in their significantly prolonged survival relative to the other tumor types. Across all tumor types loss of Fhit and Wwox expression was proportionally more common than abnormalities in p53, p16, or SMAD4 expression. Only aberrant p53 expression, a known early event in carcinogenesis, occurs with similar frequency (57%) as Fhit and Wwox loss in these cancers. This is even more pronounced with Fhit loss in ampullary cancers, where only 2% of cancers demonstrated unaltered Fhit expression. Wwox loss was the most common molecular alteration with a reduction in expression from 92% in benign samples to only 28% in the pancreatobiliary cancers. This suggests that Fhit and Wwox loss may be early events in pancreatobiliary cancers. Given that all of the resected lesions in this study represented established cancers, often with advanced stage, and not precursor lesions, definitive conclusions about the timing of Fhit and Wwox loss relative to other molecular events is not possible.
Although Fhit was commonly lost in our pancreatobiliary tumors, its loss did not predict survival in any tumor type. In fact, none of the genetic alterations were predictive of survival. This is not an unexpected finding given that few reliable molecular predictors of survival have been described in these aggressive tumors, particularly pancreatic cancer. In ampullary cancers, where the prognosis is much better than in pancreatic and gallbladder cancers, several genetic and/or protein alterations have been described that impact survival including allelic loss of chromosome 17p, expression of epithelial cell adhesion molecule (Ep-CAM), vascular endothelial growth factor (VEGF), and stromal osteonectin. 18, [29] [30] [31] Still, the frequency of Fhit loss in these tumors along with previous reports of its impact on outcome in other tumor types and in preclinical models emphasizes its potential importance in the pathogenesis of pancreatobiliary cancers and warrants continued investigation; particularly considering that Lucito et al have very recently shown copy-number variants in the FHIT locus in some patients with a strong family history of pancreatic cancer. 32 Copy-number variants such as germ-line deletions and amplifications are associated with inherited genetic disorders including familial cancer. Lucito et al. used representational oligonucleotide microarray analysis to characterize germ-line copy number variants in 60 cancer patients from 57 familial pancreatic cancer kindreds. Among the unique genomic regions with copy-number variants were 25 deletions. Two deleted regions were observed in two different patients, and 1 in 3 patients. Examples of genes included in the germ-line deletions included the FHIT gene.
The role of Wwox in pancreatobiliary tumors is less defined. Kuroki et al. demonstrated decreased Wwox expression by deletion and/or aberrant gene expression and promoter hypermethylation in 6 of 15 (40%) resected pancreatic cancers. 7 Furthermore, transfection of WWOX into a pancreatic cancer cell line resulted in apoptosis. Decreased Wwox expression is suggested to be an early event with its loss being seen in precursor pancreatic intraepithelial neoplasia (PanIN) in accord with grade. 8 Wwox downregulation also seemed to be associated with downregulation of Smad4. We too saw a positive correlation between Smad4 and Wwox expression, but this was not statistically significant. The complexity of interaction between Wwox and other intracellular proteins is well known. Interrelationships between Wwox and other proteins such as protein kinase A inhibitory subunit (PrkaRIa), transcription factors Ap2a and Ap2c, ErbB4, and Her2 have been shown to play a role in tamoxifen resistance in resected breast cancer specimens. 33 Furthermore, interaction with growth regulatory proteins such as p53 has been suggested. 34, 35 However, such an interaction was not suggested in our pancreatobiliary tumors.
In summary, we have shown that loss of expression of Fhit and Wwox tumor suppressor proteins is highly correlated in pancreatobiliary cancers. Their loss often occurs prior to other genetic alterations, suggesting that the exquisite susceptibility to DNA damage of their fragile site chromosomal loci contributes to their coordinated inactivation. Although expression of these proteins is not predictive of clinical tumor characteristics or survival, reduction of expression of these proteins is likely to be a very early event in tumor development and play important roles in pathogenesis of these malignancies. Thus, Fhit and Wwox signal pathway proteins may provide targets for therapy and FHIT or WWOX gene replacement may become an option in treatment of pancreatobiliary cancers.
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